Background. Despite malignant glioma vascularity, anti-angiogenic therapy is largely ineffective. We hypothesize that efficacy of the antiangiogenic agent cediranib is synergistically enhanced in intracranial glioma via combination with the late-stage autophagy inhibitor quinacrine. Methods. Relative cerebral blood flow and volume (rCBF, rCBV), vascular permeability (K trans ), and tumor volume were assessed in intracranial 4C8 mouse glioma using a dual-bolus perfusion MRI approach. Tumor necrosis and tumor mean vessel density (MVD) were assessed immunohistologically. Autophagic vacuole accumulation and apoptosis were assessed via Western blot in 4C8 glioma in vitro. Results. Cediranib or quinacrine treatment alone did not alter tumor growth. Survival was only marginally improved by cediranib and unchanged by quinacrine. In contrast, combined cediranib/quinacrine reduced tumor growth by .2-fold (P , .05) and increased median survival by .2-fold, compared with untreated controls (P , .05). Cediranib or quinacrine treatment alone did not significantly alter mean tumor rCBF or K trans compared with untreated controls, while combined cediranib/quinacrine substantially reduced both (P , .05), indicating potent tumor devascularization. MVD and necrosis were unchanged by cediranib or quinacrine treatment. In contrast, MVD was reduced by nearly 2-fold (P , .01), and necrosis increased by 3-fold (P , .05, one-tailed), in cediranib + quinacrine treated vs untreated groups. Autophagic vacuole accumulation was induced by cediranib and quinacrine in vitro. Combined cediranib/quinacrine treatment under hypoxic conditions induced further accumulation and apoptosis. Conclusion. Combined cediranib/quinacrine treatment synergistically increased antivascular/antitumor efficacy in intracranial 4C8 mouse glioma, suggesting a promising and facile treatment strategy for malignant glioma. Modulations in the autophagic pathway may play a role in the increased efficacy.
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Keywords: antiangiogenesis, autophagy, cediranib, glioma, MRI. M alignant gliomas are highly aggressive vascular tumors for which prognosis remains extremely poor and for which novel therapeutic modalities are urgently required. The morbidity and mortality of malignant gliomas, especially the most common type, glioblastoma multiforme, can be attributed in part to their robust angiogenesis. 1 -5 Hence, anti-angiogenic therapy is potentially promising. However, anti-angiogenic monotherapy largely fails to induce durable responses with malignant glioma, with tumors often developing treatment resistance. 2,3,5 -7 Resistance can involve circumvention of angiogenic blockade, via activation of alternative angiogenic pathways or by increased invasion with existing vessel co-option. 2, 3, 6 Additionally, various mechanisms are activated in tumor cells that enable adaption to the hypoxic stress exacerbated by anti-angiogenic treatment. 8 -11 As anti-angiogenic receptor tyrosine kinase (RTK) inhibitors also have direct cytotoxic effects on tumor cells that extend beyond angiogenic blockade, drug resistance to these agents can involve a number of other mechanisms as well. 7 Recent studies have shown that autophagy, a cellular degradation pathway, is an important cytoprotective and drug resistance mechanism. 12 -15 During autophagy, cellular proteins and organelles are sequestered within characteristic double-layered autophagic vacuoles that subsequently fuse with lysosomes for bulk degradation. Activated during metabolic stress, autophagy provides energy and biosynthetic substrates and removes potentially toxic damaged proteins and organelles. However, while autophagy can function as a survival promoting pathway, the incomplete degradation of autophagic vacuoles, and their excessive accumulation, can trigger autophagic cell death, a cell death mechanism exhibiting significant crosstalk with apoptotic signaling. 12,14 -17 Known to play a role in autophagic cell death is lysosomal membrane permeabilization, which releases catabolic enzymes that can trigger cell death via caspasedependent or -independent death pathways or through necrosis. The involvement of autophagy in cell death can be therapeutically exploited, as the implementation of latestage autophagic inhibition when autophagic flux is stimulated can induce cell death. 17 -21 Antimalarial agents such as chloroquine and quinacrine effectively inhibit late-stage autophagy, through their lysosomotropic action, which enables them to selectively enter and concentrate within autophagic vacuoles. 16,19 -23 While chloroquine and its analog hydroxychloroquine are more commonly employed in cancer treatment, quinacrine is an FDA-approved drug for malaria that is well tolerated and has superior blood-brain barrier penetration to that of chloroquine/ hydroxychloroquine, a key issue with CNS diseases. 16, 24 Various cancer therapeutics have been shown to activate autophagy, and a number of recent studies in different cancer models have demonstrated increased efficacy via combined autophagy inhibition. 17 -21,23,25 However, the combination of anti-angiogenic agents with autophagy inhibitors is a relatively new concept. 8 Efficacy of the small molecule anti-angiogenic agent cediranib, a potent inhibitor of vascular endothelial growth factor (VEGF) receptors 1, 2, and 3, platelet derived growth factor (PDGF) receptors (a and b), and c-Kit, 26 has not been investigated in combination with an autophagy inhibitor. We have recently hypothesized that the efficacy of cediranib will be synergistically enhanced in intracranial glioma via combination with the autophagy inhibitor quinacrine. 27 Because tumor growth and angiogenesis involve interaction between tumor and host, they must ultimately be evaluated in vivo. For this study, we have employed the syngeneic intracranial mouse 4C8 glioma model, which fosters a seamless tumor-host interaction in immunocompetent mice. 28, 29 We have utilized a comprehensive perfusion MRI approach that quantifies key vascular biomarkers noninvasively in this model, measuring both vascular flow and permeability while also monitoring tumor growth. 29 To accomplish this, we employed dynamic contrast-enhanced (DCE) MRI, producing high resolution maps of K trans , an index of vascular permeability that is a key biomarker of tumor neovasculature. Subsequently, dynamic susceptibility contrast (DSC) MRI was used to determine cerebral blood flow (CBF) and cerebral blood volume (CBV). This dynamic imaging approach provides functional vascular parameters difficult to obtain histologically and has revealed evidence that cediranib works synergistically with the autophagy inhibitor quinacrine to induce antivascular/antitumor efficacy and improve survival of treated mice. Combined histological analysis provided further evidence for the unique efficacy of the combined treatment. Measurements of autophagic and apoptotic markers in 4C8 glioma cell cultures supported the concept that the combinatorial treatment induces modulations in the autophagic pathway that are associated with tumor cell lethality.
Materials and Methods

Cell Culture and Tumor Inoculation
Mouse studies were conducted with the approval of the Oregon Health and Science University Institutional Animal Care and Use Committee and under the supervision of the OHSU Department of Comparative Medicine. The 4C8 mouse glioma cells (provided by Dr G. Yancey Gillespie of the University of AlabamaBirmingham) were grown in Dulbecco's modified Eagle's medium (DMEM)/Ham's F-12 50/50 Mix (Invitrogen), supplemented with 7% fetal bovine serum (FBS; Hyclone) and 1% L-glutamine (Sigma-Aldrich). Female C57BL/6 × DBA/2 F 1 hybrid mice (B6D2F1) were purchased from Charles River Laboratories. Brain tumors were induced by the intracerebral injection of 0.5-1 × 10 6 4C8 cells, suspended in DMEM/F12 (5-10 mL) using a stereotaxic frame as previously described. 8 To assess cell viability in response to treatment, MTS solution (CellTiter 96 AQueous MTS Reagent) and phenazine methosulfate solution were added to cells, and absorbance measured using an ELX800 Micro Plate Reader (Bio-Tek Instruments) at 490 nm. 30 
MRI Procedures
Starting at 10 days after tumor cell inoculation, mice were routinely imaged using contrast-enhanced (Magnevist i.p.) T 1 -weighted MRI to determine when tumor growth initiates. When tumors reached a cross-sectional area of 2 mm 2 , (generally at 2-3 wk post-inoculation), pretreatment perfusion MRI studies were implemented, after which mice were randomized into 4 treatment groups, with treatments starting within 24 h: (i) untreated, n ¼ 6 (vehicle: 1% Tween in phosphate buffered saline [PBS] , oral gavage, daily); (ii) cediranib, n ¼ 6 (AZD2171, 6 mg/kg in 1% Tween/PBS, daily, oral gavage; Selleck Chemicals); (iii) quinacrine, n ¼ 5 (50 mg/kg in PBS, daily, oral gavage; Sigma-Aldrich); and (iv) cediranib + quinacrine, n ¼ 6 (daily). Biweekly perfusion MRI experiments were discontinued when right brain displacement by the tumor approached maximum or when mice showed neurological/behavorial changes or signs of physical deterioration, such as excessive weight loss or skull deformation, at which point mice were sacrificed and their brains were harvested and stored in 10% formalin for histology. For perfusion MRI, mice were initially anesthetized with a ketamine/ xylazine mixture (15 mg xylazine/kg, 100 mg ketamine/kg) and one of the lateral tail veins was cannulated using a 30 gauge needle attached to polyethylene (PE-10) tubing, filled with sterile saline containing 15 U heparin/mL. MRI experiments employed a BrukerBiospin 11.75 T small animal MR system with a Paravision 4.0 software platform, 9 cm inner diameter gradient set (750 mT/m), and a mouse head (20 mm inner diameter) quadrature radiofrequency transceiver coil (M2M Imaging). The mice were positioned with their heads immobilized with a specially designed head holder with adjustable ear pieces. Body temperature of the mice was monitored and maintained at 378C using a warm air temperature control system (SA Instruments). Isoflurane (0.5% -2%) in 100% oxygen was administered and adjusted while respiration was monitored.
A coronal 25-slice T 1 -weighted image set was obtained using a spoiled gradient echo sequence (Paravision 9 mg iron/g; Bayer Healthcare Pharmaceuticals). Both injections occurred at 30 s after initiation of the image series, at 1 mL/min, using a 150-mL saline/heparin chase.
Image Processing
DCE-MRI parameters were computed voxelwise using the Extended Tofts-Kety model 31, 32 and custom pharmacokinetic modeling software (developed by M. C. Schabel) written in MATLAB (MathWorks). Fully relaxed M 0 image intensities were used to compute pre-injection longitudinal relaxation time, enabling quantitative concentration measurement and K trans (in min
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) estimates.
29,33
The Monte Carlo blind estimation algorithm was used to determine the arterial input function directly from measured tumor curves. 34, 35 Calculation of DSC-MRI perfusion parameters followed the model-independent method described by Ostergaard et al 36 using the Jim software package (Xinapse Systems). The arterial input function was determined from 12 nontumor brain pixels identified by an automatic scanning and selection routine that targeted brain parenchymal arterial microvessels. 29 DSC data analysis was restricted to the first 50 postcontrast images in the series to bracket the susceptibility bolus intensity changes. Parametric maps were generated for CBF (in mL blood/100 g tissue/min), CBV (in blood volume percentage of total tissue volume), and mean transit time (MTT; in seconds). Analysis of the DCE/DSC-MRI parametric maps and T 2 multislice images employed the Jim software package. Tumor volumes were calculated from the multislice T 2 -weighted images. The DSC-MRI parameters (relative [r]CBF, rCBV, rMTT) were reported relative to contralateral values to reduce measurement error and minimize effects from alterations in intracranial pressure, blood pressure, and depth of anesthesia.
Histology
At the termination of longitudinal MRI studies, mice were sacrificed and brains were stored in 10% formalin. Fixed tissue samples were paraffin-embedded, and 7-mm sections were mounted on slides. The slides were then processed and stained with hemotoxylin and eosin (H&E; Sigma-Aldrich) using standard methodologies. For each tumor sample (n ¼ 4 tumor samples/treatment group), a total of 3 image fields (4× magnification) were positioned randomly across a minimum of 2 stained tumor sections and photographed using an Olympus BX50 microscope mounted with a Leica camera (DFC320) equipped with Leica Firecam v3.4.1. Necrotic regions within the image fields were quantified using the region-of-interest analysis tool of the Jim software package under the supervision of an experienced neuropathogist (R.L.W.) and averaged. In adjacent sections from 3 mice per treatment group, immunohistochemical vascular staining was performed after deparaffinized sections were subjected to antigen retrieval (5 min treatment at room temperature with 95% formic acid followed by incubation at 85-908C in citrate buffer, pH 6.0, for 30 min), using mouse monoclonal primary antibody to CD31, clone JC70A (Dako), with hematoxylin counterstain. Slides were prepared using the Mouse-On-Mouse (M.O.M) Peroxidase Kit (Vector Labs) to prevent nonspecific background, and the presence of CD31 was investigated using the avidin-biotin complex method (Vector Labs), with diaminobenzidine. Slides were studied at 40× magnification, and the number of CD31 stained vessels was counted in 10 random fields across 2 sections for each tumor and averaged to obtain mean vessel density (MVD).
Western Blot Analysis
Cells were plated at a density of 4.8 × 10 4 cells per well in 6-well plates and treated with vehicle or drugs at the concentrations and times indicated in the legend for and C. After the indicated time of treatment, cells were lysed by brief sonication in whole-cell lysis buffer (62.5 mM Tris, 10% glycerol, 1% sodium dodecyl sulfate, pH 6.8), and cellular proteins were collected in the supernatant fraction after centrifugation at 14 000 g for 10 min. Proteins were reduced by heating at 1008C for 5 min in 50 mM dithiothreitol with 0.05 bromphenol blue, electrophoresed in 4% -20% Tris-HCl gels, and transferred onto nitrocellulose using the NuPage electrophoresis system (Invitrogen). The membranes were probed with antibodies to microtubule-associated protein 1 light chain 3 (LC3) and cleaved caspase-3 (Cell Signaling) and actin (Santa Cruz Biotechnology). Membranes were treated with appropriate secondary antibody, exposed to enhanced chemiluminescence solutions (Invitrogen), and visualized using the Molecular Imager Gel Documentation System.
Microscopy for Red Fluorescent Protein -LC3 Expression
Cells were transduced with lentiviral particles (EMD Millipore) to stably express the red fluorescent protein (RFP)-LC3 fusion protein. Cells were then treated with the cediranib/quinacrine combination at the concentrations indicated in the legend for Fig. 7B for 24 h. Cells expressing RFP-LC3 were then visualized using an EVOS fl fluorescence microscope (Advanced Microscopy Group).
Statistics
Values are expressed as mean + SEM. For perfusion MRI and CD31 immunohistochemistry results, the 2-tailed unpaired Student's t-test (NCSS Statistical Software) was employed to test for differences at 0, 3 + 1, 6 + 1, and 11 + 1 days after tumor growth initiation versus the untreated group (time points corresponding to ≥50% untreated-group survival). Differences in median survival were tested using the log-rank test. The 1-tailed paired Student's t-test (tumors paired to tumor cell injection batch) was used for analysis of percent necrosis (MATLAB).
Results
The T 2 -weighted MR images depicted in Fig. 1 were obtained from mice at 14 days after tumor growth initiation and show clearly delineated tumors. Figure 1A -C indicates similar cross-sectional areas for untreated tumor in comparison with single-agent treatment with cediranib or quinacrine. In contrast, Fig. 1D indicates that the tumor from the combined cediranib/quinacrine treatment group was substantially smaller. Figure 2A shows tumor growth curves obtained from the MRI evaluations for the different treatment groups, with tumor volume plotted versus the time from tumor growth initiation. Rapid tumor growth was observed for untreated mice, increasing to over 70 mm 3 over an 11-day period. The growth curves indicated that tumor growth was essentially unaltered by cediranib or quinacrine treatment. In contrast, tumor growth was markedly reduced with combined cediranib/quinacrine treatment throughout the treatment period (P , .05 vs untreated group), with tumor volume at 11 days of growth, indicating a 60% lower tumor volume than the untreated group. Consistent with this, exponential curves fit to the individual tumor volume versus time data provided mean exponential growth rate constants (in days 21 ) and indicated a substantially lower growth rate constant for combined cediranib/quinacrine (0.12 + 0.01) versus no treatment (0.26 + 0.03 P , .0014), with values for quinacrine (0.21 + 0.017334) and cediranib (0.18 + 0.017) that were not significantly different from those in the untreated group. The Kaplan-Meier survival curves in Fig. 2B indicate that no increase in median survival over the untreated group (9.5 + 1.1) occurred with quinacrine-treated mice (10.0 + 1.8). Cediranib-treated mice indicated only a modest increase in survival (14 + 0.5, P , .05 vs untreated). In contrast, median survival was substantially extended with combined cediranib/quinacrine treatment (25.5 + 1.9, P , .0001) versus the untreated group.
Tumor vascularity was evaluated with the dual bolustracking DCE/DSC perfusion MRI approach that we previously validated with intracranial 4C8 mouse glioma. 5-fold, also with a heterogeneous distribution. This pattern, observed throughout the tumor growth period, is consistent with the robust yet heterogeneously distributed and permeable vasculature typical of malignant glioma. 1, 3, 9 Figure 3B shows that similar characteristics are observed in a quinacrine-treated mouse tumor. Figure 3C shows parametric maps obtained from a cediranib-treated mouse tumor. Consistent with cediranib's ) parametric maps (nonbrain regions masked) obtained from representative tumors from each treatment group both during the first week after tumor growth initiation and during the final week of MRI evaluation (CBF color scale is relative: contralateral hues set to unity). anti-angiogenic mode of action was the development of a very poorly perfused tumor core. Notably, however, the tumor clearly retained a well-vascularized rim. Persistence of an angiogenic tumor rim, in a continually expanding tumor, demonstrates resilience of gliomas in the face of angiogenic blockade, congruent with clinical observations. 2, 3, 6, 7 While poorly perfused tumor core regions were consistently observed with cediranib treatment, persistence of regions with robust tumor vascularity was also a consistent finding. In contrast, Fig. 3D indicates that with combined cediranib/quinacrine treatment, there was a dramatic reduction in tumor rCBF and K trans in comparison with untreated tumors, starting at the early treatment stage and continuing to the end of treatment. At the latter stage of treatment, the rCBF map indicates an extensive poorly perfused tumor core region, involving a much larger tumor fraction than was observed with cediranib alone. The vascularized rim is also noticeably thinner than that observed following single-agent cediranib treatment, with greatly reduced K trans and CBF values compared with those observed in cediranib-treated or untreated tumors. The marked reduction in these key flow and permeability vascular biomarkers indicates greatly increased antivascular efficacy with combined treatment. Figure 4A indicates that pretreatment rCBF levels were uniformly high ( 2.8) in the different groups. Consistent with the parametric maps shown in Fig. 3 , in the untreated group, as well as in cediranib-treated and quinacrine-treated groups, mean tumor rCBF remained relatively unchanged at this level during the following period of tumor growth. In contrast, with combined cediranib/quinacrine treatment, large and sustained decreases in mean rCBF occurred starting at early treatment stages (P , .05 vs untreated). Unlike rCBF, rCBV increased substantially (Fig. 4B ) throughout the period of tumor growth in the untreated group. The relatively robust increase in rCBV, in comparison with that of rCBF, suggests the development of a tumor vascular network that is increasingly inefficient, consistent with our previous findings with 4C8 glioma. 29 Quinacrine treatment did not substantially alter tumor rCBV in comparison with the untreated group. Cediranib treatment moderately attenuated the increase in rCBV, indicating lower values in comparison with the untreated group at 11 days after initiation of tumor growth. Combination of cediranib with quinacrine produced a substantially greater effect, however, with rCBV decreasing rather than increasing, to values significantly below those of the untreated group throughout the treatment period. Figure 4C indicates that rMTT, which is inversely related to vascular efficiency, increased substantially with tumor growth for the untreated group, consistent with the robust increase in rCBV in comparison with rCBF. Quinacrine did not substantially alter rMTT in comparison with no treatment. Consistent with its effects on rCBV, cediranib tended to attenuate rMTT values below those observed in the untreated group (nonsignificant vs untreated). Combined cediranib/quinacrine treatment entirely prevented increases in rMTT with tumor growth, resulting in rMTT values substantially lower than those observed in the untreated group. Figure 4D indicates that mean tumor K trans values gradually increased with tumor growth, consistent with development of permeable tumor neovasculature. Quinacrine-treated mice indicated a similar pattern, while the cediranib-treated group exhibited a tendency toward decreased K trans values in the later stages of tumor growth (nonsignificant vs untreated), likely due at least in part to decreased vascular permeability, consistent with cediranib's VEGF receptor inhibition. With combined cediranib/quinacrine treatment, marked decreases in K trans occurred, to levels substantially below those in all the other groups. As K trans is, under most conditions, proportional to the permeability surface area product per unit volume of tissue, the marked decrease is likely to be due primarily to decreased vessel surface area in conjunction with tumor devascularization, given the substantial reductions in tumor rCBF and rCBV that also occurred, suggesting a greatly reduced vascular network. 37 Taken together, the perfusion MRI results indicate that combined cediranib/quinacrine treatment has a profound effect on tumor vasculature, inducing a synergistic increase in antivascular/antitumor efficacy and effectively slowing tumor growth and extending survival in mouse 4C8 glioma. Histological studies performed after completion of the longitudinal MRI studies confirmed the perfusion MRI results and provided further information regarding tumor pathology. Representative histological tumor sections with CD31 vascular staining are shown in Fig. 5A-D and indicate clearly demarcated tumor vessels (see arrows). Consistent with the perfusion MRI results, we generally observed a greater prevalence of vessels at tumor borders. Multiple vessels are indicated in Fig. 5A -C, in sections from untreated, quinacrine-treated, and cediranib-treated tumors. In contrast, in Fig. 5D , a section from a cediranib/quinacrine-treated tumor shows substantial necrosis (indicated by nonspecific staining) and fewer vessels. In Fig. 5E -H, representative H&E sections from the various treatment groups are shown and clearly indicate regions of tumor necrosis. While similar levels of necrosis were observed in the sections from untreated, quinacrine-treated, and cediranib-treated tumors, necrosis was comparatively increased in sections from cediranib/quinacrine-treated tumors. Figure 6 indicates mean values of MVD and percent necrosis that were carefully quantified from multiple CD31 and H&E stained sections, respectively. Figure 6A indicates that the MVD values were very similar for the untreated, cediranib, and quinacrine groups. In contrast, MVD was reduced in the cediranib/ quinacrine-treated group by nearly 2-fold in comparison with the other groups (P , .01 vs untreated). Figure 6B indicates that similar levels of tumor necrosis were observed in the untreated, quinacrine, and cediranib groups. In contrast, necrosis was markedly elevated, by 3-fold, in the We employed 4C8 glioma cells in culture to evaluate the possible effects of the various treatment conditions on autophagy and apoptosis. Cediranib and quinacrine decreased 4C8 glioma cell viability, with half-maximal inhibitory concentration values of 2.7 + 0.1 mM and 3.2 + 0.2 mM, respectively. Figure 7A indicates a representative Western blot of LC3 obtained from 4C8 cells grown under normoxic (20% O 2 ) as well as hypoxic (0.5% O 2 ) conditions 38 and exposed to cediranib, quinacrine, or combined cediranib/quinacrine treatment. LC3 comprises both the cytosolic form, LC3-I, and its lipidated form, LC3-II, which is converted from LC3-I and is a wellaccepted biomarker of autophagic vacuoles. LC3-II increases are generally indicative of increased autophagic flux and/or late-stage autophagy inhibition. Such increases are clearly observed in response to cediranib, strongly suggesting that it activates autophagic flux. The increase in response to cediranib was potentiated by the presence of hypoxia, consistent with the known activation of autophagic flux by hypoxia. 8 -11,39 Quinacrine also induced an increase in LC3-II accumulation under normoxic conditions, likely through inhibition of autophagic vacuole degradation, and as with cediranib, the increase was potentiated by hypoxia. Combined cediranib/quinacrine resulted in a strong accumulation of LC3-II and notably in the presence of hypoxia induced the highest levels that were observed. Figure 7B shows representative fluorescence microscopy images of 4C8 cells expressing RFP-LC3 under hypoxic conditions, with and without exposure to combined cediranib/quinacrine. While the untreated cells indicate a diffuse RFP-LC3 distribution indicative of cytosolic LC3-I, cells exposed to combined cediranib/quinacrine clearly indicate a punctate distribution, indicative of LC3-II, confirming the increased presence of autophagic vacuoles. Figure 7C indicates representative cleaved caspase-3 Western blots, which revealed that apoptosis was markedly increased by combined cediranib/quinacrine under hypoxic conditions in comparison with all other treatment groups. As these conditions were also associated with the highest LC3-II levels, the observations are consistent with the concept that cediranib in combination with hypoxia can substantially stimulate autophagic flux in 4C8 glioma cells, leading to a toxic accumulation of autophagic vacuoles in the presence of late-stage autophagy inhibition.
Discussion
Malignant glioma remains a frustratingly difficult disease to treat. Approximately 12 000 -15 000 cases per year are diagnosed in the United States alone; and with current treatment options, the disease has a prognosis of 25% survival after 2 years, with only a 14-month average survival for the most common malignant glioma, glioblastoma multiforme. 1 -4 Malignant glioma is characterized by robust angiogenesis, proliferation, and invasion. 1 -5 It often exhibits marked treatment resistance, and despite its elevated vascularity, anti-angiogenic monotherapy is of limited utility. 2,3,5 -7 The current study employed the syngeneic intracranial 4C8 mouse glioma model, which is a clone of the MOCH-1 tumor that arose spontaneously in the brain of a B6D2F1 mouse transgenic for myelin basic protein promoter-driven c-neu. The model employs immunocompetent wild-type F1 hybrid mice and is characterized by aggressive tumor growth with robust neovasculature and core necrosis. 28, 29 A unique perfusion MRI approach was employed with the 4C8 glioma model in combination with immunohistological approaches to investigate the effects of separate and combined treatment with cediranib and quinacrine. Our perfusion MRI results demonstrated that while single-agent treatment with cediranib in the 4C8 glioma model did not decrease mean tumor rCBF in comparison with untreated tumors, poorly perfused tumor core regions were prevalent in cediranib-treated mice, in conjunction with robustly vascularized tumor rim regions. These findings were corroborated by immunohistological determinations of MVD, averaged across the tumor, which were found to be unchanged with cediranib treatment alone. Mean rCBV increases were attenuated with cediranib, in conjunction with a tendency to attenuate mean rMTT increases. In combination with the absence of mean rCBF reduction, this may suggest an augmented vascular efficiency with cediranib, as has been proposed to occur at early stages of anti-angiogenic monotherapy, due to normalization of abnormal and dilated tumor vasculature. 3,40 -42 The time window of effective vascular normalization is reportedly brief in orthotopic rodent brain tumor models, however, and improvements in overall perfusion should not be inferred given the heterogeneous vascularity we observed in cediranib-treated tumors, particularly at later treatment stages. 40 -42 Consistent with this, Kamoun et al 41 reported a transient vascular normalization in intracranial mouse glioma, maximizing at day 2 of cediranib treatment, after which tumor core microvascular density significantly decreased. In the current study, cediranib-treated mice also indicated a tendency to exhibit decreased K trans in the later stages of tumor growth, consistent with a decreased vascular permeability and with cediranib's inhibition of VEGF receptors. 26, 41, 43, 44 As has been previously suggested, this effect may contribute to the modest increases in survival that we and others have observed with cediranib in glioma models in the absence of altered tumor growth, related to reduction of peritumoral edema. 41 While our study is consistent with previous studies reporting reduced rCBV and vascular permeability in cediranibtreated glioma, to our knowledge the current study is the first to report mean tumor rCBF measurements in a cediranib-treated preclinical glioma model. 41, 43, 45 Our results clearly demonstrated, with both perfusion MRI and immunohistological approaches, that while cediranib may have limited perfusion in localized regions of the tumor core, it did not prevent a vigorous neovascularization process in the 4C8 mouse glioma model. Cediranib had little effect on tumor growth and only modest effects on survival, consistent with previous preclinical and clinical studies indicating that cediranib and other small molecule anti-angiogenic RTK inhibitors with similar molecular targets have limited efficacy as single-agent cancer therapeutics, particularly with malignant glioma. 2,3,5 -7,41,46,47 Our study is the first to document that in vivo single-agent treatment with quinacrine induces no measureable effects on mean rCBF, rCBV, K trans , tumor growth, or survival in malignant glioma. Similarly it did not alter tumor necrosis or MVD. In contrast, our study provides dramatic evidence for a strong synergy between cediranib and quinacrine in terms of both antivascular and antitumor efficacy. Combined cediranib and quinacrine induced markedly reduced tumor perfusion, consistent with the sharply reduced histological determinations of MVD. Consistent with this, tumor necrosis was found to be 3-fold greater in the combined cediranib/quinacrine than in untreated or single agent -treated tumors. Tumor growth was slowed by more than a factor of 2, resulting in substantially increased survival. The effects reveal a potentially important therapeutic avenue for treatment of malignant glioma, a disease for which prognosis is extremely poor and therapeutic options are limited. The similarity of cediranib's molecular targets to those of other recently developed RTK anti-angiogenic agents 7 suggests that the novel and effective combination tested in the current study could represent an important new combinational paradigm, which could greatly increase the utility of this class of agent.
The goal of the current study was to investigate the in vivo antivascular and antitumor efficacy of a novel treatment combination. We clearly demonstrated that the combination of cediranib and quinacrine administration exhibited a potent synergy in this regard, in terms of tumor devascularization, necrosis, growth, and increased survival. While the underlying mechanisms were not fully characterized in this initial study, we obtained evidence suggesting that modulation of autophagy could play a key role. We employed controlled cell culture conditions in order to carefully investigate the interaction between hypoxia and the induction of autophagic vacuole accumulation and apoptosis via the single and combined administration of cediranib and quinacrine. These experiments demonstrated that cediranib and hypoxia each induced substantially increased levels of the autophagic vacuole marker LC3-II in 4C8 glioma, and increased it further when applied in combination. The presence of quinacrine further increased LC3-II levels with cediranib or hypoxia, with the highest levels being observed with combined cediranib/quinacrine treatment under hypoxic conditions. Fluorescent microscopy confirmed the increased presence of autophagic vacuoles under this condition. Importantly, combined cediranib/quinacrine treatment under hypoxic conditions not only induced maximal autophagic vacuole accumulation but was also associated with maximal activation of apoptosis. Demonstration of these cytotoxic effects in glioma cell culture provides evidence that despite cediranib's known anti-angiogenic capacity, the therapeutic efficacy may substantially derive from the direct targeting of glioma cells. The results strongly suggest that the in vivo therapeutic efficacy derives from more than anti-angiogenic effects and are consistent with the concept that cediranib and hypoxia each drive autophagic flux, which in combination with quinacrine's well-documented ability to induce late-stage autophagy inhibition promotes autophagic vacuole accumulation and tumor cell death. 8,12 -23 As autophagy regulation primarily occurs through signaling of mammalian target of rapamycin (mTOR) signaling, a possible mechanism by which autophagy activation with cediranib may occur is via its known inhibition of VEGF and PDGF receptor signaling, which could have downstream inhibitory effects on the phosphatidylinositol-3 kinase/Akt/mTOR signaling axis. 48, 49 Autophagy is activated strongly by hypoxic/nutrient stress, and hence the exacerbation of hypoxia in vivo through cediranib's anti-angiogenic effects represents another possible avenue for autophagy activation. 8 Although mean tumor rCBF did not decrease with singleagent cediranib treatment, considerable perfusion heterogeneity was observed in cediranib-treated tumors, suggesting that hypoxia could be increased in local regions, particularly in the tumor core regions. However, while cediranib's exacerbation of hypoxia may contribute to autophagic flux stimulation, it may not be a required element, as it is well documented that a state of chronic hypoxia exists in most tumors. 1, 4, 9, 10 This is particularly evident in malignant glioma, which is characterized by focal hypoxic regions with pseudopalisading necrosis. 1, 4 In summary, using a novel treatment combination with the intracranial 4C8 mouse glioma model, we documented a synergistic increase in antivascular/antitumor efficacy, using a comprehensive DCE/DSC perfusion MRI approach and immunohistology. The antiangiogenic RTK inhibitor cediranib in combination with the autophagy inhibitor quinacrine produced a powerful antivascular and antitumor effect that far exceeded treatment with either agent alone, with markedly decreased tumor perfusion, increased tumor necrosis, decreased tumor growth, and increased survival. In vitro studies revealed a direct modulatory effect of the drug combination on the autophagic pathway, which was potentiated by hypoxia and accompanied by apoptotic cell death. The data strongly suggest that the combination offers a new and promising treatment avenue for malignant glioma.
